Abstract-A radiative transfer theory for electromagnetic wave multiple scattering in dielectric random media with effects of near fields is presented. The theory is based on Sommerfeld-Weyl angular spectrum decomposition of wave amplitudes and technique of Dyson and Bethe-Salpeter equations for the ensemble averaged angular spectrum amplitudes and the coherence matrix of angular specrum amplitudes, respectively. We derive the four integral equations' system, for two autocoherences of waves propagating forward and backward with respect to embedding parameter into the medium slab and two cross-coherences of evanescent waves decaying in opposite directions. In so doing the equations for autocoherences describe basically the usual radiative transfer with wave intensity multiple scattering by random inhomogeneities (scatterers) and free path between them. In the contrary the equations for cross-coherences demonstrate a new effect of elementary evanescent waves' virtually exciting inside an inhomogeneity in pairs of opposite decaying derections and contribution of these evanescent pairs to wave energy flux.
INTRODUCTION
Propagation of waves through disordered systems is one of the most challenging topics in theoretical physics. A traditional approach does use the phenomenological radiativer transfer theory [1] . But this phenomenological approach is derived from the theory of wave multiple scattering in random media at neglecting the repeated scattering of a monochromatic wave by just the same random inhomogeneity (scatterer) -so-called single-group approximation, together with the far-field approximation for fields scattered by inhomogeneities [2] when the effects of near fields are neglected. During the last several years a substential progress has been reached in theoretical study the near field effects in electromagnetic wave multiple scattering by inhomogeneous dielectric media. This progress was based on Sommerfeld-Weyl angular spectrum decomposition of wave amplitudes and included in itself the effect of energy emission from evanescent wave at scattering by a dielectric structure, with proving the extended unitarity for 2 × 2 block S-scattering matrix [3] and interpreting the above energy emission as consequence of interference between two opposite decayng evanescent waves [4] . To study the near field effects in the case of random dielectric media, the Dyson equation in the Bourret approach for the ensemble averaged angular spectrum amplitudes and the Bethe-Salpeter equation in the ladder approximation for the coherence matrix of angular spectrum amplitudes can be applied (see, for example [5] ).
In this paper, we split the matrix Bethe-Salpeter equation into system of four equations, two of which are written for autocoherences of waves propagating forward and backward with respect to embedding parameter and close in form and physical sense to phenomenological radiative transfer, corrected on near field effects at multiple scattering by random inhomogeneities. A subject of principal interest are two another equations for cross-coherences of evanescent waves decaying in opposite directions. These two complex conjugate equations reveal a new mechanism of radiative transfer named as tunneling ane, with exciting inside of a random inhomogeneity a pair of elementary opposite decaying evanescent waves and contributing of them because interference into the energy flux.
LINEAR SYSTEM FOR ANGULAR SPECTRUM AMPLITUDES AND TOTAL ENERGY FLUX
Following [3] , we consider a dielectric medium with scalar dielectric permittivity ( r) occupying a region between the planes z = 0 and z = L of the Cartesian coordinate system x, y, z. The electric field E 0 α ( r) of a monochromatic electromagnetic wave with frequency ω to be incident onto the left boundary plane z = 0 is written as (2π 
is a purely imaginary quantities, respectively. The quantity k 0 is the wave number in the background with dielectric permittivity 0 . An electromagnetic wave can be incident onto the right boundary plane z = L with an angular spectrum amplitudeẼ 0 α ( k ⊥ ) of the electric field. Split virtually the dielectric medium under consideration into a stack of slices with splits between them, as in [4] . The local electric wave field E α ( r) inside a split between slices is found to be
Here F 1α ( k ⊥ , z) and F 2α ( k ⊥ , z) are angular spectrum amplitudes of local waves inside splits, going forward and backward, respectively, and renormalized by multiplying on the factor γ 1/2 k . Vectorcolumn F = (F 1 , F 2 ) with matrix elements F 1 and F 2 satisfies the following linear differential matrix equation of the first order
with radiative conditions on the slab boundaries
where
are renormalized angular spectrum amplitudes of incident waves going forward and backward, respectively. In Equation (2) Σ z = 1 0 0 −1 is the 2 × 2 block matrix generalization of the usual Pauli matrix σ z . Symbol δS denotes a quantity in the equation S = I + δS∆z for scattering matrix [3] of infinitesimaly thin slice of the medium, with slice thickness ∆z tending to zero and I being the identity block matrix. Elements of an infinitesimal scattering matrix δS are given in [6] and written in terms of the spatial Fourier transforms
, respectively, with respect to the transverse to the z axis component of the position vector.
Consider a representation for the total energy fluxP z (z) along the z axis inside an inhomogeneous dielectric medium in terms of angular spectrum amplitudes of forward and backward going waves. Such representation has a form
Here the density matrix ρ(z) of angular spectrum amplitudes is defined by
, with the "star" superscript meaning a complex conjugate quantity and Latin subscripts m, m = 1, 2 denoting forward and backward propagation directions. The symbols H pr (k ⊥ ) and H ev (k ⊥ ) denote projectors on a propagating k ⊥ < k 0 and an evanescent k ⊥ > k 0 waves, respectively. As can be seen, the contribution of propagating waves into the total energy flux along the z axis is related to angular spectrum intensities of forward and backward going waves, whereas the contribution from evanescent waves is explicitly related to a cross-product of angular spectrum amplitudes of opposite decaying waves.
DYSON EQUATION FOR AVERAGED ANGULAR SPECTRUM AMPLITUDES
The linear differential Equation (2) with boundary conditions (3) is reduced to an integral equation in a matrix form
Here the first term in the right hand side means a vector-column including the boundary conditions, F (0) = (f,f ) ; in the integrand the first factor is a specific matrix Green function of the empty slab,
, with the Heaviside step function H(x) = 1 as x ≥ 0 and H(x) = 0 as x < 0, the second factor is a matrix ν(z) = Σ z δS(z). We think of the matrix ν(z) further as a random one. Applying to integral Equation (5) the Bourret approach leads to a Dyson equation for the ensemble averaged angular spectrum amplitudes F (z) in a form
with a mass operator
Our next task consists in simplifying expression for the mass operator. With this aim we restrict ourselves by scalar wave case replacing the above complicated matrix ν(z) to a more simple form
with ξ 1 = 1 and ξ 2 = −1. The matrix mass operator is written as,
. Substitute this one into the Dyson Equation (6) and use supposition about a slow varying (weak space dispersion) of averaged spectrum amplitudes with respect to z replacing approximately F (z ) to F (z ) . Such replacement opens possibility to integrate the mass operator µ(z , z ) with respect to z that we perform approximately also supposing a point with z coordinate to be far enough from the slab boundaries in spatial scale of scattering potential correlation function B( r − r ) = V ( r)V ( r ) . Our last simplification supposes the correlation function B( r) to be even with respect to the transverse to the z axis component of the position vector. The described simplifications transform the Dyson integral Equation (6) to the purely differential equation with original boundary conditions (3). This differential equation becomes more physically transparent by transition to the fast varying averaged angular spectrum amplitudes z) is a boundary matrix Green function for averaged angular spectrum amplitudes satisfying a homogeneous equation
and unit boundary conditions,
are the boundary conditions for fast varying averaged angular spectrum amplitudes. An agreement about the summation over repeated Latin subscripts is kept. The matrix µ mm (k ⊥ ) has only independent element according to representation, µ 11 = µ 12 and µ 21 = µ 22 = −µ 11 where
We denote B (±) ( k ⊥ , k z ) some sort of one-side Fourier transformations of the scattering potential correlation function according to
Equation (8) shows that ensemble averaged angular spectrum amplitudes of local electromagnetic waves inside the random medium slab can be evaluated as angular spectrum amplitudes of waves in a deterministic medium slab with effective complex dielectric permittivity 1 (k ⊥ ) defined by,
Explicit expressions for elements of boundary matrix Green function introduced are written in terms of forward and backward going waves in the deterministic medium slab with a longitudinal wave number γ 1k = k 2 1 − k 2 ⊥ , where the effective wave number
In the next section we shall meet a specific matrix Green function h mm (k ⊥ ; z, z ) for averaged angular spectrum amplitudes that for the averaged fast angular spectrum amplitudes is expressed in terms of the boundary matrix Green function by, z) denotes the matrix elements of the inverse boundary Green function matrix.
BETHE-SALPETER EQUATION FOR COHERENCE MATRIX
Coherence matrix of angular spectrum amplitudes,ρ mn ( p, q; z, ζ) = F m ( p, z)F * n ( q, ζ) , is defined as ensemble averaged density matrix of angular spectrum amplitudes with two embedding parameters. We rename here and henceforth the transverse to the z axis components k ⊥ , k ⊥ , . . ., and so on of wave vectors to p, p , . . . and so on, for simplicity. Matrix Bethe-Salpeter equation in the ladder approximation for the coherence matrix of angular spectrum amplitudes is written as
with an matrix intensity operator giving by
To simplify this matrix equation we first use again the supposition about slow varying the angular spectrum amplitudes F m ( p, z) with respect to z in spatial scale of the scattering potential correlation function. Second, we neglect purely coherent reflection of waves on the slab boundaries putting for specific matrix Green function of ensemble averaged fast angular spectrum amplitudes opproximately
if a wave be incident on the left boundary of the slab. The adopted simplifications enables one to split the matrix Bethe-Salpeter Equation (11) into four physically transparent ones.
EQUATIONS FOR AUTOCOHERENCES AND CROSS-COHERENCES OF ANGULAR SPECTRUM AMPLITUDES
Let us introduce a fast varying coherence matrix of angular spectrum amplitudesρ mn ( p, q; z, ζ) = exp(iξ m γ p z − iξ n γ * q ζ)ρ mn ( p, q; z, ζ). An autocoherence (intensity) of waves propagating forward is defined asρ 11 ( p, p; z, z) for p < k 0 and satisfies the equation
In the right hand side of this equation a quantityρ 22 ( p, p; z, z) defined for p < k 0 is the autocoherence of waves propagating backward and a quantityρ 12 ( p, p; z, z) and its complex conjugate with transposed subscripts defined for p > k 0 are the cross-coherences of forward and backward decaying evanescent waves. A function B( k ⊥ , k z ) denotes the 3D Fourier transform of the scattering potential correlation function. A quantity γ 1k is the imaginary part of the longitudinal wave number in the deterministic medium slab. Equation (12) presents one of the phenomenological radiative transfer equation corrected by two last terms in the integrand on accounting the evanescent waves contribution. The obtained equation has a transparent physical structure that gives possibility write out an analogical equation for the autocoherence of waves propagating backward automatically.
Turn to equation for the cross-coherence of opposite decaing evanescent waves that has a form
where a function B( k ⊥ , z) is the 2D Fourier transform of the scattering potential correlation function with respect to the transverse to the z axis component of the position vector.
A structure of Equation (13) is different from the case of Equation (12) in principle. One can see that in the double integral of the right hand side (13) an inquality is fulfilled, z 1 < z < ζ 1 , with difference ζ 1 − z 1 ≈ r 0 being the order of the spatial scale r 0 of the scattering potential correlation function. It means that an observation point z and two scattering points z 1 and ζ 1 are placed simulteneously inside the same inhomogeneity (scatterer), and two appeared in the scattering points elementary evanescent waves are decaying forward and backward, respectively, to interfere in the observation point. This interference results in the following tunneling energy flux
This result is obtained under supposition about small scale random inhomogeneities when in Equation (13) both evanescent waves, incident and scattered by an inhomogeneity, are small decaying in the inhomogeneity scale, |γ p | r 0 1 and |γ p | r 0 1, with k 0 < p < p 0 and k 0 < p < p 0 where p 0 ≈ 1/r 0 is some cut off parameter. A parameter g of tunneling energy flux is order g ≈ r 0 / of inhomogeity scale r 0 devided by propagating wave mean free path , defined as 1/ = V 2 r 3 0 . The observation point z is supposed to be far enough from the slab boundaries in inhomogeneity scale.
The formula (14) demonstrates a homogeneous tunneling energy flux existence inside random medium slab proportional to usual for the phenomenological radiative transfer energy flux of propagating waves. Coefficient of proportionality is small compared with one for the weakly fluctuating random media. But in the case of a strongly fluctuating medium, for examle with resonances of dielectric permittivity, the above coefficient can became of more value in its magnitude.
CONCLUSION
A radiative transfer theory for electromagnetic wave multiple scattering in dielectric random media with effects of near fields has been presented. It was shown that this theory reveals a tunneling mechanism of radiative trasfer, with exciting inside of a random inhomogeneity a pair of elementary opposite decaying evanescent waves and contributing of them because interference into the energy flux.
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